INTRODUCTION
7 0
The MinCDE system of Escherichia coli forms a cell-pole to cell-pole standing 1 3 8 provide data that further extends our explanation of how MinD and MinE support the 1 3 9 wide variety of patterns formed both in and out of the cell. We propose that MinD and MinE dimers can independently and dynamically 1 4 3 interact with membrane before any patterning event is even initiated (Figure 2A ). Local and those in complex with, and stabilized by, MinE (D2E2) ( Figure 2B ). D2E2 not only 1 4 7 stabilizes MinD on the membrane, but also acts to rapidly recruit more MinD from 1 4 8 solution in vitro, or from the cytoplasm in vivo ( Figure 2C ). Exactly how this recruitment 1 4 9 complex, D2E2D2, plays a role in the patterning mechanism remains to be determined. MinE accumulates more slowly than MinD. Therefore, during pattern initiation the another MinE dimer can join a D2E2 complex and form E2D2E2 -the MinD dissociation 1 5 5 complex ( Figure 2E ). Formation of this complex triggers ATP hydrolysis by MinD and 1 5 6 its dissociation from the membrane. Therefore, in our model, the membrane-bound which it just dissociated ( Figure 3A ). Once the lingering MinE density sufficiently 1 7 1 declines, they are joined by MinD dimers in a one-to-one complex, E2D2, which 1 7 2 stimulates the recruitment of more MinD. The resulting D2E2D2 complex may then MinD polar zone grows, MinD depletes from the cytoplasm and MinE accumulates on 1 7 5 the membrane. E2D2E2 then stimulates the release of MinD and the lingering MinE 1 7 6 dimers concentrate to form an E-ring ( Figure 3D ). Here, we provide evidence that furthers our molecular mechanism for Min 1 7 8 patterning; with an emphasis on how the multiple states of MinE drive oscillation by 1 7 9 spatiotemporally regulating MinD interaction with the membrane. conformational plasticity (Ghasriani et al., 2010; Kang et al., 2010; Park et al., 2011) . MinE dimers are considered to be 'closed' or 'inactive' in solution and presumably in the 1 8 6 cytosol in vivo. The MTSs of an 'inactive' dimer are packed against a six-stranded β-1 8 7 sheet at the dimer interface stabilizing the hydrophobic core ( Figure 4A ). The MinD- occluded as the inner-most pair of β-strands at the dimer interface. Thus, the membrane 1 9 0 and MinD interaction interfaces are for the most part unavailable or 'closed'. et al., 2014; Vecchiarelli et al., 2016) . In buffers of lower ionic strength, or 1 9 6 if the bilayer had a high content of anionic lipid, membrane binding by MinE was 1 9 7 significant, even without MinD (Hsieh et al., 2010; Vecchiarelli et al., 2014) . From this 1 9 8
Vecchiarelli
we proposed that inactive MinE in solution is in equilibrium with a small proportion of 1 9 9
MinE dimers that are active for membrane binding. interacting α-helix ( Figure 4B ). The resulting D2E2 complex would stabilize both MinD 2 0 6 9 and MinE dimers on the membrane ( Figure 4C ). We propose that conformational 2 0 7 fluctuations within the 'inactive' MinE dimer is coupled to transient interaction with 2 0 8 membrane, which plays a pivotal role in both the long range inhibition, and short range 2 0 9 nucleation, of membrane binding by MinD. The idea of MinE membrane binding prior to pattern initiation was based on were bound per μm 2 of the SLB, and FRAP was substantially faster than the one second alone can indeed bind the membrane in an auto-catalytic manner, we preincubated GFP- MinD (1 μM) with ATP to generate dimers competent for membrane binding. The uniformly bound the SLB without any sign of auto-catalytic binding from a nucleation 2 2 8 center, or rate acceleration after the initial binding event ( Figure 5A , Movie 1). Rather, a 2 2 9 10 homogeneous steady state MinD density was achieved after ~ 45 minutes of constant 2 3 0 flow. We conclude that when MinD-ATP binds membrane on its own, there is no notable 2 3 1 positive feedback operating to nucleate a MinD binding center.
3 2
In stark contrast, when 5 μM MinE was also present in the sample, a short period Mizuuchi, 2010 , Vecchiarelli et al., 2014 . The data support the idea that MinE is 2 3 9 required to nucleate and stimulate the rapid radial expansion of MinD polar zones in vivo. binding to the membrane is faster than MinD at the start of our experiments. In this case, remains roughly constant while MinD dimers that attempt to bind the bilayer are quickly 2 5 0 turned over. We propose this represents the lag phase that we observe prior to pattern We have also observed the nucleation of phase transitions in the SLB, as marked by 3 0 9
MinE forming a stable meshwork around MinD-cores ( Figure 6D ). We previously found 3 1 0 similar meshworks acting as barriers for wave progression (Ivanov and Mizuuchi, 2010) . MinE on the membrane. These 'frozen' membrane patches were not as readily detectable Our recent findings have allowed us to reexamine the mechanism by which the 3 2 5
Min system creates waves or bursts on an SLB in vitro (Vecchiarelli et al., 2016) . Travelling waves were the first and most stable pattern formed on an SLB ( Figure 7A found a corresponding increase in the rate of MinD binding at the wave front ( Figure 7B) . The data once again shows that MinE can stimulate MinD recruitment to the membrane. Although higher MinE led to faster MinD binding at the wave front, the rate of 3 3 5
MinD release at the rear did not dramatically change. Why does more MinE in solution 3 3 6 not increase the release rate at the rear of waves as we have observed for bursts? The answer lies in the fact that, although more MinE in solution accumulates more MinD on 3 3 8 membrane, the peak protein density of MinD achieved within a wave is essentially the 3 3 9 same ( Figure 7B ), 8000 ± 2000 MinD dimers/μm 2 (20-30% of surface confluence). Since Figure 7E ). Unlike waves however, the peak MinD density within bursts 3 5 5 increased with higher MinE in solution. Also, bursts were supported by protein densities 3 5 6 significantly lower than those found in waves, due to depletion of the active MinD supply We conclude that bursts undergoing a standing-wave oscillation switch to MinD depletion does not set the limit for MinD density on the SLB. Rather, we believe 3 6 2 that protein-membrane interactions become strongly inhibited by surface exclusion. Langmuir adsorption model (Schaaf and Talbot, 1989; Talbot et al., 1994) . As the surface 3 6 7 densities of D2 and D2E2 become higher than ~ 10% confluence, the rate of MinD 3 6 8 binding will slow faster than MinE because MinE has a smaller footprint on the SLB. Once D2E2 becomes the more prevalent complex on the SLB, E2D2E2 would eventually 3 7 0 form and start dissociating MinD from the SLB, making even more room for MinE binding. This scenario conveniently explains the plateau and decline of MinD that is supply has been depleted. A large body of cell-free observations has allowed us to propose a comprehensive 3 8 0 molecular mechanism that explains the wide variety of patterns achievable by MinD and inhibits MinD interactions with membrane to drive oscillation. step is essential to confirm several aspects of our proposed mechanism as well as to 3 9 2 impose constraints on the rate parameters involved. These experimental approaches, 3 9 3 combined with quantitative simulations, will further refine and improve our 3 9 4 understanding of this fascinating and beautiful system. Proteins. Protein expression, purification, and fluorescent labeling were performed as 3 9 8 previously described (Vecchiarelli et al., 2014) . Fluorescence (TIRF) illumination and microscopy as well as camera settings were as 4 4 3 previously described (Vecchiarelli et al., 2014) . Prism-type TIRF microscopy was used were measured at or near the middle of the illumination profile. MinE 11-88 , the frame rate was 1 s/frame. Accelerations are indicated in the movie legends. Schweizer, J., Loose, M., Bonny, M., Kruse, K., Mönch, I., and Schwille, P. (2012) 5 3 6
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